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Nuclear export of yeast signal recognition particle lacking
Srp54p by the Xpo1p/Crm1p NES-dependent pathway
Leonora F. Ciufo and Jeremy D. Brown
Background: The movement of macromolecules through the nuclear pores
requires energy and transport receptors that bind both cargo and nuclear pores.
Different molecules/complexes often require different transport receptors. The
signal recognition particle (SRP) is a conserved cytosolic ribonucleoprotein that
targets proteins to the endoplasmic reticulum. Previous studies have shown that
the export of SRP RNA from the nucleus requires trans-acting factors and that
SRP may be at least partly assembled in the nucleus, but little else is known
about how it is assembled and exported into the cytoplasm.
Results: Of the six proteins that constitute the yeast SRP, we found that all
except Srp54p were imported into the nucleus. Four of these had nucleolar
pools. The same four proteins are required for stability of the yeast SRP RNA
scR1, suggesting that they assemble with the RNA in the nucleus to form a
central core SRP. This core SRP was a competent export substrate. Of the
remaining components, Sec65p entered the nucleus and was assembled onto
the core particle there, whereas Srp54p was solely cytoplasmic. The export of
SRP from the nucleus required the transport receptor Xpo1p/Crm1p and
Yrb2p, both components of the pathway that exports leucine-rich nuclear export
signal (NES)-containing proteins from the nucleus.
Conclusions: The SRP is assembled in the nucleus into a complex lacking only
Srp54p. It is then exported through the NES pathway into the cytoplasm where
Srp54p binds to it. This transport route for a ribonucleoprotein complex is so far
unique in yeast.
Background
The signal recognition particle (SRP) is an abundant, evo-
lutionarily conserved ribonucleoprotein (RNP) that is
crucial for targeting of proteins to the eukaryotic endoplas-
mic reticulum (ER) and the bacterial cytoplasmic mem-
brane [1,2]. Although its activities have been examined in
great detail, little is known about how and where it is
assembled and exported from the nucleus to the cyto-
plasm. Eukaryotic SRP is a relatively simple RNP consist-
ing of six different protein subunits, and a single RNA
molecule [3,4] that is modified only at the 3′ end [5]. It is
thus an attractive model for studies aimed at defining
RNP assembly pathways.
The export of higher eukaryotic SRP RNA (7SL) from the
nucleus is likely to be mediated by trans-acting factors, as
it is saturable and blocked at low temperature [6]. Exami-
nation of SRP components in mammalian cells has led to
the suggestion that SRP may be partly assembled in the
nucleolus, the nuclear sub-compartment classically
defined as that in which ribosomal subunits are assembled
(for reviews, see [7–9]). The 7SL RNA has been detected
in the nucleolus of mammalian cells [10], and injection of
fluorescently labelled 7SL into the nucleus leads to its
transient accumulation in the nucleolus, followed by redis-
tribution to the cytoplasm [11]. Expression of three SRP
proteins (SRP19, 68 and 72) as green fluorescent protein
(GFP) fusions in mammalian cells leads to both nucleolar
and cytoplasmic signals [10]. In contrast, GFP fusions to
SRP54 are localised only to the cytoplasm.
In yeast, the SRP is not essential for life [12] and, thus,
cells lacking individual components of the particle can
be examined for the stability, localisation and assembly
state of the other components. In the absence of the
yeast SRP RNA, scR1, the protein subunits are present
at reduced levels, indicating that assembly into SRP is
necessary for their stability [13]. Conversely, four of the
protein subunits (Srp14p, 21p, 68p and 72p) are required
to maintain wild-type levels of scR1. A fifth protein,
Sec65p, is necessary for association of the final protein,
Srp54p, with the particle [13,14]. This function of
Sec65p is conserved, as its mammalian homologue,
SRP19, is required for SRP54 to bind tightly to 7SL
[3,15]. Taken together, the results obtained from yeast
and higher eukaryotic systems suggest that assembly of
SRP is mostly nuclear. As SRP has an affinity for ribo-
somes, it has been suggested that SRP might exit the
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nucleus in ‘piggy-back’ fashion bound to ribosomal sub-
units [11], though this has yet to be tested.
The exchange of macromolecules between the cytosol
and nucleus takes place through nuclear-pore complexes
in the nuclear envelope (for reviews, see [16–18]). Most
molecules move through nuclear pores in association with
a member of the importin-β family of transport receptor
proteins. The transport receptor–cargo interaction requires
nuclear-localisation or nuclear-export signals (NLS or
NES, respectively) on the cargo molecules and may be
direct or through an additional adaptor protein (for
example, importin-α). Another crucial component for
nucleocytoplasmic transport is the GTP-binding protein
Ran. Cargo binding by importin-β-like proteins is gov-
erned by the nucleotide-bound state of Ran. Thus,
importin-β molecules that function in export (exportins)
bind cargo when associated with Ran–GTP, whereas those
that function in import (importins) release cargo when
they bind Ran–GTP. The nucleotide-bound state of Ran
is skewed as its exchange factor (Rcc1/Prp20p) is nuclear
and GTPase-activating protein (Rna1p) cytoplasmic,
resulting in nuclear Ran being mainly GTP-bound and
cytoplasmic Ran GDP-bound. This Ran gradient, together
with the different affinities of importins/exportins for
cargo in the presence of Ran–GTP, is thought to provide
much of the directionality to nuclear transport. 
Here, we report that yeast SRP is assembled in the nucleus
into a core particle containing Srp14p, 21p, 68 and 72p, and
scR1, which is a nuclear-export substrate. Sec65p also
binds scR1 in the nucleus but it is not required for export
of the complex to the cytoplasm. The last step in assembly
of SRP, the binding of Srp54p, takes place in the cyto-
plasm. Transport of the assembled core SRP from nucleus
to cytoplasm requires active NES-dependent export.
Results
Core SRP proteins and Sec65p have nuclear pools
As a first step, we determined the normal distribution of
SRP protein components by immunofluorescence analysis.
We expected this to reveal the location of functional SRP
(the cytoplasm) and, perhaps, the site of assembly of the
complex. Anti-Srp72p antibodies (Figure 1a) revealed a
cytosolic signal as expected. The nucleus was also stained,
and in most cells this antibody also revealed a concentration
of Srp72p adjacent to the DNA (Figure 1b). Anti-Nop1p
antibodies, which stain the nucleolus [19], indicated that
this pool of Srp72p was nucleolar (Figure 1c,d). Srp68p,
tagged with the c-Myc epitope tag (Srp68p–Myc), gave a
similar localisation pattern (Figure 1e), as did Myc–Srp21p
(Figure 1h) and Myc–Srp14p (data not shown). We did not,
with these or any antibody that recognised an SRP protein,
specifically detect the ER. However, the interaction of SRP
with its ER-localised receptor is transient, and ER-localised
SRP may not be sufficient to yield a detectable signal by
immunofluorescence. In contrast, an Srp72p–GFP fusion
did reveal the ER, in addition to the pattern seen with anti-
Srp72p antibodies (data not shown). This fusion protein did
not fully complement lack of endogenous Srp72p. Thus,
SRP may have been present at lower than normal levels in
these cells, the ER-bound material visible through the
reduced cytoplasmic signal.
Sec65p was distributed throughout the cytoplasm and
nucleus but, in contrast to core SRP proteins, was not
concentrated in the nucleolus (Figure 2a–d). Anti-Myc
antibodies revealed a similar pattern on cells expressing
Sec65p–Myc (data not shown). Srp54p–Myc revealed
yet another localisation pattern, the protein being entirely
or largely excluded from the nucleus (Figure 2e–g).
Thus, Srp54p does not enter the nucleus or does so
only transiently.
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Figure 1
A nucleolar pool of core SRP proteins. The same cells are shown in
(a–d), with (a–c) merged to give (d); (g,j) are the merged images of
(e,f) and (h,i), respectively. The SRP proteins were localised by
indirect immunofluorescence (see Materials and methods) using
either (a) anti-Srp72p antibodies or (e,h) anti-Myc monoclonal
antibody 9E10 to visualise Myc-tagged Srp68p and Srp21p (red).
(b,f,i) Chromosomal DNA was visualised by staining with 4,6-
diamidino-2-phenylindole (DAPI, blue). (c) Anti-Nop1p monoclonal
antibody [19] identified the nucleolus (green). The anti-Srp72p and
anti-Myc antibodies gave no signal on cells lacking Srp72p or a Myc-
tagged protein, respectively. Arrows indicate nucleolar staining by
antibodies recognising SRP proteins. Images were collected and
analysed on a Zeiss Axioscop microscope.
(a) (d)(c)(b)
(g)(f)(e)
(i)(h) (j)
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The nucleolar localisation of a proportion of each core
SRP protein suggested that the nucleolus acted as the
assembly point for core SRP or a storage depot for core
SRP proteins. This, and the different localisation patterns
of core proteins, Sec65p and Srp54p, raised several ques-
tions. Do core SRP components localise to the nucleolus
independently? Does scR1 also localise to the nucleolus?
Which components of the particle are required for it to
exit the nucleus? To answer these questions, we exam-
ined the localisation of both scR1 and SRP proteins in the
absence of individual components of the particle.
Core SRP is exported from the nucleus
In situ hybridisation with fluorescently labelled oligonu-
cleotides specific for scR1 RNA (Figure 3) revealed that its
distribution mirrored that of Srp54p in wild-type cells; we
detected only cytoplasmic scR1 (Figure 3a–c). Next, we
examined the distribution of scR1 in cells lacking individ-
ual protein components. In both srp54∆ and sec65∆ cells,
we obtained an identical pattern to that seen in wild-type
cells (Figure 3d–i). In contrast, the signal for scR1 was very
weak in cells lacking any one of the core SRP proteins.
This was not surprising as these cells have 10–20-fold less
scR1 than wild-type cells [13]. The signal that we did
obtain (Figure 3j–l) was mostly coincident with the DNA,
and was not concentrated in the nucleolus. Together, these
results suggest that the nucleolar pool of core SRP proteins
represents free subunits awaiting assembly with nascent
scR1 to form a rapidly exported complex. As cells lacking
Srp54p or, more importantly, Sec65p had a normal scR1
localisation, the core SRP complex, which is found in these
cells [13], is a competent export substrate. In the absence
of any core subunit, the RNA is not exported, and is likely
to be degraded in the nucleus.
SRP proteins localise to the nucleus independently of scR1
and each other
As SRP proteins bind scR1 and, in its absence, their levels
are decreased, we reasoned that cells lacking scR1 would
lose the cytoplasmic signal for intact SRP but, perhaps,
retain proteins at the site at which they are normally
assembled into particles or stored before assembly. The
distribution of Srp72p, Sec65p and Srp54p in scr1∆ cells is
shown in Figure 4a–i. We still detected Srp72p in the
nucleus and in particular the nucleolus, whereas the cyto-
plasmic signal was much reduced (compare Figure 4a with
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Figure 2
Sec65p is localised to the cytoplasm and nucleus, whereas Srp54p is
cytosolic. Sec65p localisation was revealed by (a) anti-Sec65p
antibodies, which stained both the cytosol and nucleus, the nuclear
signal overlapping with both (b) DNA and (c) Nop1p signals.
(d) Merged image of (a–c). (e) The Srp54p signal did not overlap
with (f) the nuclear DNA signal. (g) Merged image of (e,f). Arrows in
(e) indicate nuclei. Sec65p, Srp54p–Myc, DNA and Nop1p were
stained and images acquired as in Figure 1. Colours are as in Figure 1.
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Figure 3
Localisation of scR1 in wild-type cells and in the absence of protein
components of the SRP. The scR1 RNA was visualised by in situ
hybridisation (see Materials and methods) in (a–c) wild-type, (d–f)
srp54∆, (g–i) sec65∆, (j–l) srp14∆ and (m–o) scR1∆ cells. (b,e,h,k,n)
DNA staining. (c,f,i,l,o) Merged images of (a,b), (d,e), (g,h), (j,k) and
(m,n), respectively. Cells were viewed and images captured and
processed on a Sedat/Agard widefield microscope (see Materials and
methods). Green, scR1 RNA; Red, DNA.
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Figure 1a). Sec65p was also present in the nucleus and its
cytoplasmic signal diminished (Figure 4d). This rein-
forced our initial observation that Sec65p is present in the
nucleus but not targeted specifically to the nucleolus in
wild-type cells, and indicated that the nucleus may indeed
be the compartment where Sec65p is incorporated into
the particle. Srp54p, however, retained its exclusively
cytoplasmic localisation in scr1∆ cells (Figure 4g–i), consis-
tent with the idea that it does not enter the nucleus.
Examination of yeast strains lacking individual SRP pro-
teins, particularly those normally imported into the
nucleus, allowed us to test whether they localise indepen-
dently of each other. As Srp68p and Srp72p are tightly
associated in both yeast and mammalian SRP, and Srp14p
and 21p are closely associated in yeast SRP ([3] and
J.D.B., unpublished results), it was possible that these
proteins might rely on each other for import. However,
Srp72p still localised to the nucleolus in srp68∆ cells
(Figure 4j), indicating that its import did not rely on
Srp68p. As was seen in scr1∆ cells, Sec65p was also mainly
nuclear in cells lacking Srp68p (Figure 4m) or any of the
other core proteins (data not shown). Myc–Srp14p
localised to the nucleolus in the absence of Srp21p,
Srp68p or scR1. Likewise, Myc–Srp21p localised to the
nucleolus independently of Srp14p, Srp72p or scR1 (data
not shown). Thus, with the possible exception of Srp68p,
which we have not examined in detail, all SRP proteins
that enter the nucleus can do so independently of each
other and scR1, and adopt the ‘correct’ intranuclear distri-
bution under these conditions.
Export of SRP from the nucleus is through the leucine-rich
NES-dependent pathway 
A final issue raised by nuclear localisation of SRP compo-
nents was which, if any, of the known pathways of export
are responsible for transporting scR1 and the imported
proteins to the cytoplasm. To answer this, we tested yeast
strains deficient in various aspects of nuclear transport for
defects in SRP localisation — mex67-5 and rat7-1 cells,
which are strongly and rapidly impaired for mRNA export
at the non-permissive temperature [20,21]; rna1-1 and
prp20-1 cells, in which function of the yeast Ran GTPase-
activating protein (GAP) and the Ran guanine-nucleotide
exchange factor (GEF), respectively, are ablated at high
temperature, resulting in both processing and export
defects for several classes of RNA as well as protein
import defects [22–26]; nup49-313 cells, which are also
defective in protein import [27] and in which ribosomal
subunit export is blocked [28,29] at the non-permissive
temperature; and xpo1-1 cells, in which export of proteins
carrying leucine-rich NES sequences and mRNA both
cease following shift to high temperature [30].
Xpo1p/Crm1p is an exportin that binds NES sequences
directly [30–32]. It has also been implicated in export of
small ribosomal subunits, though this is likely to be indi-
rect as the defect is only seen after prolonged incubation
at high temperature [28].
We saw no difference in the localisation of SRP compo-
nents in mex67-5, rat7-1, nup49-313, prp20-1 or rna1-1 cells
moved to the non-permissive temperature, though, as
expected, all these cells (except nup49-313) revealed
polyA+ RNA accumulated in the nucleus after 15 minutes
and 1 hour (data not shown). However, xpo1-1 cells accu-
mulated scR1 RNA (Figure 5e–g,l) and SRP proteins
(Figure 5i–k,m–o) in the nucleus at the non-permissive
temperature as well as polyA+ RNA (Figure 5h) [30]. We
detected scR1 in the nucleus of a few cells after a 5 minute
incubation at 36°C (data not shown) and virtually all cells
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Figure 4
Localisation of SRP proteins in the absence of other core components
of the particle. Cells lacking (a–i) scR1 or (j–o) Srp68p were stained
for (a,j) Srp72p, (d,m) Sec65p, (g) Srp54p and (b,e,h,k,n) DNA.
(c,f,i,l,o) Merged images of (a,b), (d,e), (g,h), (j,k) and (m,n),
respectively. Proteins and DNA were visualised and images captured
as in Figure 1. Colours are as in Figure 1.
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showed a pronounced nuclear pool of Srp72p, Sec65p and
scR1 RNA after 15 minutes at 36°C (Figure 5e,i; and data
not shown). This was still seen after 1 hour and persisted
for longer times (Figure 5l,m; and data not shown). Last,
we examined the distribution of Srp54p–Myc in xpo1-1
cells shifted to 36°C (Figure 5p). It remained cytoplasmic,
again consistent with the supposition that it does not
assemble into SRP in the nucleus.
SRP proteins and scR1 accumulated in the whole nucleus
of xpo1-1 cells rather than being confined to the nucleolus,
as was seen, for example, for Srp72p in scr1∆ cells. Thus, if
the nucleolus represents the assembly site of core SRP,
then release of this particle from the nucleolus does not
require Xpo1p/Crm1p, but its subsequent export from the
nucleus does. In agreement with the proposition that SRP
is assembled in the nucleus, we found that nuclei isolated
from xpo1-1 cells incubated at 36°C did not contain large
pools of unassembled SRP proteins, most extractable pro-
teins being in complexes that sedimented as assembled
SRP (Figure 5q, lanes 4–7, and data not shown).
The mRNA export defect in xpo1-1 cells may be indirect
[33]. To test whether SRP export was by the NES
pathway or was an indirect effect of the xpo1-1 mutation,
we examined yrb2∆ cells. Yrb2p is a non-essential nuclear
Ran-binding protein that interacts with Xpo1p [34–36].
Cells lacking Yrb2p are cold-sensitive and have defects in
NES-mediated protein export but not mRNA export at
the non-permissive temperature [34,35,37]. The yrb2∆
cells showed normal localisation of SRP proteins and scR1
at 30°C, but accumulated Sec65p, Srp72p and scR1 in the
nucleus on incubation at 15°C (Figure 6a–f and data not
shown) whereas wild-type cells did not (Figure 6g–i and
data not shown). In some yrb2∆ cells, the accumulation of
SRP components was more apparent close to the nuclear
envelope, suggestive of a block at a late step in export. We
conclude from these data that SRP is exported from the
nucleus by the NES-dependent pathway.
Discussion
A picture of the assembly of yeast SRP (Figure 7)
emerges from the data presented here. All the protein
components, with the exception of Srp54p, are imported
into the nucleus following synthesis. With the exception
of Sec65p, these are directed to the nucleolus. Newly
transcribed scR1 is assembled with Srp14p, Srp21p,
Srp68p and Srp72p to form a core SRP that is a substrate
for export to the cytoplasm through a route sensitive to
inactivation of the NES-binding protein Xpo1p/Crm1p or
lack of Yrb2p activity at low temperature. Sec65p also
binds the core SRP in the nucleus, being part of the
complex that accumulates in the nucleus of xpo1-1 cells.
Srp54p, located in the cytoplasm, binds the exported
complex to form the complete, active SRP. We suggest
that NLSs present on core SRP proteins and Sec65p are
obscured in the complete complex, preventing its re-
import into the nucleus.
Figure 5
(a–p) SRP components, except Srp54p, accumulate in the nucleus of
xpo1-1 cells at the non-permissive temperature. The xpo1-1 cells were
grown at (a–d) 23°C, (e–k,p) 36°C for 15 min, or (l–o) at 36°C for 1 h.
(a,e,l) The scR1 RNA was visualised as in Figure 4. The SRP proteins
(i) Srp72p, (m) Sec65p and (p) Srp54p and (b,f,j,n) DNA were
visualised as in Figure 1. (d,h) PolyA+ RNA was visualised as
described in the Materials and methods. (c,g,k,o) are merged images
of those in (a,b), (e,f), (i,j), and (m,n), respectively. The images in
(a–c,e–g) were acquired as in Figure 4; other panels were acquired as
in Figure 1. Wild-type cells did not accumulate SRP components in
the nucleus at 36°C (data not shown). Green, scR1 RNA and
proteins; red, DNA; orange, polyA+ RNA. (q) SRP subunits
accumulated in the nuclei of xpo1-1 cells are assembled into a
complex. Nuclei were prepared from sphaeroplasted xpo1-1 and wild-
type cells incubated at 36°C for 30 min, proteins extracted and equal
amounts fractionated on 5–10% sucrose gradients before running on
10% w/v Proseive (FMC Bioproducts) gels and analysing for the
presence of SRP proteins by immunoblotting (see Materials and
methods). Bound antibodies were revealed by enhanced
chemiluminescence (Amersham). Exposures are equivalent for each
protein for the wild-type and xpo1-1 gradient, the Srp54p signal
providing a measure of the amount of intact SRP released from the ER
membranes in the nuclear preparation. P, pellet.
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The independent nuclear localisation of yeast SRP com-
ponents indicates that they each contain a functional
NLS. All the imported proteins contain stretches of basic
residues that might function as NLS motifs. Because the
core proteins transit to the nucleolus, it is tempting to
speculate that they are imported and localised by the same
routes as ribosomal proteins. Sec65p may use a different
importin. As Sec65p is not required for exit of the core
particle from the nucleus, the question remains as to
whether its passage into the nucleus is necessary for its
assembly into the particle.
The nucleolar pool of core SRP proteins, but lack of
nucleolar scR1, suggests that these proteins provide a
reservoir for assembly with scR1 into the core particle,
and that scR1 is limiting for SRP biogenesis. The
absolute signal obtained for scR1 in the nucleus of wild-
type cells was only slightly above background in decon-
volved images (Figure 3 and data not shown), indicating
that there was little, if any, hybridisation in this compart-
ment. This low level of scR1 in the nucleus implies that
assembly and export of SRP are rapid. One caveat to this
interpretation is that nuclear/nucleolar scR1 may be
refractory to hybridisation to the oligonucleotides used.
We consider this unlikely as scR1 that had accumulated
in the nucleus of xpo1-1 and yrb2∆ cells was readily
detectable, and we could detect the RNA in strains
lacking core protein components. 
An alternative model for the assembly of scR1 with core
proteins is that it binds one or more of them in the nucleo-
plasm and then moves to the nucleolus for further assem-
bly and/or processing. Following this, it would be released
for export to the cytoplasm. The scR1 is an RNA poly-
merase III transcript [38]. Like other RNAs newly tran-
scribed by this polymerase, it is bound by Lhp1p, the yeast
homologue of the La autoantigen [39]. It remains to be
determined whether Lhp1p is important in the assembly
of SRP, but, by analogy with the U6 small nuclear RNP
(snRNP), it may make the process more efficient [40].
Lack of Xpo1p activity had a rapid effect on SRP export.
This, and the lack of SRP export defects in strains known
to affect other classes of RNP, indicates that the SRP exits
the nucleus by an independent route to these complexes.
In particular, the SRP does not transit the nuclear pore in
conjunction with ribosomal subunits. We were initially
surprised that mutations in the Ran regulators Rna1p and
Prp20p did not affect SRP export. Most classes of trans-
port rely on these factors to maintain Ran in its ‘correct’
nucleotide-bound state in the cytoplasm and nucleus. As
both import and export events are required for assembly
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Figure 6
SRP proteins accumulate in the nucleus of yrb2∆ cells at non-
permissive temperature. (a–f) Cells lacking Yrb2p, or (g,h,i) wild-type
cells were incubated at 15°C for 24 h to reveal nuclear export defects
and analysed as in Figure 1 for (a) Sec65p, (d,g) Srp72p and (b,e,h)
DNA. Merged images of (a,b), (d,e) and (g,h) are shown in (c,f,i),
respectively. Images were captured and processed as in Figure 1.
Colours are as in Figure 5.
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Figure 7
Model for yeast SRP assembly. (a) Newly translated proteins except
Srp54p are imported into the nucleus. Core subunits are directed to
the nucleolus, whereas Sec65p is not. (b) Core SRP proteins are
assembled with nascent scR1 RNA. This step may take place in the
nucleolus. (c) The assembled core SRP is released from the nucleolus
to the nucleoplasm where (d) Sec65p binds to it. (e) The particle is
exported to the cytoplasm bound to the importin-β homologue
Xpo1p/Crm1p, where (f) Srp54p binds, completing the particle.
Circle, the nucleus; grey crescent, the nucleolus; grey rectangles,
nuclear-pore complexes.
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of SRP, we might not have detected an export defect in
the Rna1p and Prp20p mutants if the import of proteins
was blocked similarly or more severely to export. Further
work will be required to determine the Ran dependence
of SRP export.
In general, our results, and the model that we have pre-
sented, agree with what has been seen in studies that
localise SRP components in mammalian cells. One differ-
ence is the distribution of Sec65p/SRP19. An SRP19–GFP
fusion has been localised to the nucleolus of mammalian
tissue culture cells [10], whereas we observed Sec65p in the
whole nucleus. A second difference between our results
and those obtained from mammalian cells is that 7SL has
been visualised in the nucleolus and, indeed, injected fluo-
rescently labelled 7SL transits the nucleolus before redis-
tributing to the cytoplasm [10,11]. It is tempting to
speculate that slower assembly of core SRP in mammalian
cells compared with yeast might account for the RNA com-
ponent being visible in the nucleus at steady state.
We suggest that once the core SRP is formed and/or
processed in the nucleolus, it dissociates from this com-
partment. The factors necessary for this, or its retention in
the nucleolus, if any, remain to be identified. To demon-
strate formally that the nucleolus is the site of core SRP
assembly will require a mutant that accumulates the core
SRP in this compartment. Mutations in a number of yeast
genes result in nucleolar accumulation of ribosomal sub-
units or components of them [28,29]. However, as yet, no
good candidates for specific nucleolar export factors have
been found, most of these mutants identifying import or
processing factors.
One prediction from our findings is that one or more core
SRP protein contains a functional NES. Alternatively, a
protein may bind to the core complex, acting as an adaptor,
bridging it to Xpo1p/Crm1p. This would be similar to the
function of PHAX in U snRNA export [41]. Inspection of
sequences of core subunits revealed putative NES
sequences in both Srp68p and Srp72p (J.D.B., unpublished
data). One or both of these proteins may therefore provide
the necessary export signal on the assembled core yeast
SRP. If this is the case, it may represent another difference
between yeast and higher eukaryotic SRP. Experiments in
which fragments of 7SL are injected into mammalian cell
nuclei reveal that the portion of the RNA corresponding to
the SRP9/14-binding site behaves as full-length 7SL, local-
ising to the nucleolus and then cytoplasm with the same
kinetics, whereas that which binds SRP68/72 does not [11].
Thus, SRP9/14 may be the major determinant of mam-
malian SRP export from the nucleus.
We have not examined exhaustively all nuclear transport
factors for defects in the assembly of SRP. For example,
factors responsible for import of SRP proteins would be
expected to result in defects in SRP assembly. Future
experiments will determine the precise basis of the SRP
export defect in xpo1-1 and yrb2∆ cells and the nature of
the interaction between the SRP and Xpo1p. The nucleo-
lar and nuclear accumulation of SRP components, depend-
ing on what step is deficient, will also provide a useful assay
for identification of other factors involved in this process.
Materials and methods
Antibodies and oligonucleotides
The antibodies were affinity-purified anti-Srp54p [12], anti-Srp72p [4] and
anti-Sec65p antibodies [13], and anti-c-Myc 9E10 (BabCo) and anti-
Nop1p [19] monoclonal antibodies. The scR1-specific oligonucleotides
(5′-TGCCCGCAAAGATCGATTTATTATAGCCGGGACATCCCAGAA-
CG-3′ and 5′-AAAAATATGGTTCAGGACACACTCCATCCCCGAGG-
GAACGGCCA-3′) were synthesised and modified (MWG Biotec AG,
Germany) to contain a single 5′ FITC and internal FITC at the indicated T
positions (italicised) and a digoxygenin-labelled dT(50) probe.
Yeast strains, growth and plasmids 
The yeast strains used are listed in Table 1. Selective plates and media
for yeast growth were prepared using powdered synthetic media
(Anachem). Growth was carried out in the media and at the tempera-
tures indicated, cultures diluted as necessary to maintain an OD600 of
0.1–1.5. Plasmid pJEY106 (which encodes Myc9–Srp21p) is described
in [4]. Sequences encoding 13 copies of the Myc epitope tag were
inserted in frame immediately before the stop codon of SRP54 and
SRP68, followed by kanr [42]. All strains containing modified SRP
genes were checked by Western blotting for the presence or absence
of the protein and by growth.
Immunofluorescence, in situ hybridisation and microscopy
For immunofluorescence analysis, cultures were grown to mid-log
phase, incubated at non-permissive temperatures for the times indicated
where necessary and fixed for 20 min by addition of 3.8% formaldehyde.
Cells were washed with 0.1 M KPO4 pH 7.4 containing 1.2 M sorbitol,
converted to sphaeroplasts by treatment with 250 µg/ml zymolyase in
the same buffer for 20 min, washed in phosphate/sorbitol buffer, resus-
pended to an OD600 of 0.4 and attached to poly-L-lysine-coated slides.
Slides were plunged into methanol for 6 min and acetone for 30 sec at
–20°C and then incubated in blotto (phosphate-buffered saline contain-
ing 5% skimmed milk powder and 0.1% Tween-20) for 1 h before incu-
bation overnight at 4°C with specific antibodies diluted in blotto. Slides
were washed 5 × 5 min with blotto, incubated for 1 h at room tempera-
ture in the dark with FITC- or Cy3-coupled anti-rabbit or anti-mouse sec-
ondary antibody (Jackson Labs) in blotto, and mounted in Vectashield
containing DAPI (Vector Labs). In situ hybridisations were carried out as
described (http://singerlab.aecom.yu.edu/protocols and [30]). Anti-
digoxygenin antibodies were from Roche. Following hybridisation and/or
antibody binding, images were captured either on a Sensys CCD
camera (Photometrics) mounted on a Zeiss Axioscop and manipulated
using Quips mFISH software (Vysis), or on a 12-bit cooled PXL CCD
camera (Photometrics) mounted on a Sedat/Agard widefield micro-
scope (Applied Precision Inc.) [43]. In this second case, image stacks
were acquired and out-of-focus light reassigned to its original point
source in the stacks using three-dimensional constrained iterative
deconvolution algorithms (DeltaVision) [44]. Single sections are shown
where indicated.
Analysis of SRP accumulated in nuclei
Metabolically active sphaeroplasts were prepared as described [45]
except that sphaeroplasting and recovery were at 25°C and for 1 h
and 2 h, respectively. Following recovery, sphaeroplasts were shifted to
a 36°C water bath for 30 min, harvested and nuclei prepared [46]. Pel-
leted nuclei were washed in 1 ml extraction buffer (20 mM Hepes
pH 6.8, 1 mM MgOAc, 1 mM DTT, 0.02% Nikkol and 10 µM each of
CaCl2 and ZnCl2 ), then resuspended in 100 µl of the same buffer.
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Nuclei containing 130 µg protein were made up to a volume of 135 µl;
3.5 µl ribonuclease inhibitor (40 u/µl, Promega), 2 µl solution P
(18 mg/ml PMSF and 0.4 mg/ml pepstatin A) and 0.5 µl of 20 mg/ml
deoxyribonuclease I were added and digestion carried out at room tem-
perature for 5 min. The reaction was stopped by addition of 50 µM
EGTA, 2.5 µl 200 mM vanadyl ribonucleoside complex (Gibco BRL),
5 µl 20 mg/ml Escherichia coli tRNA, and 62.5 µl 4 M potassium
acetate was added and incubation continued on ice for 10 min. Finally,
the nuclei were made up to 500 µl at the same conditions and spun at
10,000 × g for 15 min; 200 µl of the supernatant was analysed by
sucrose gradient sedimentation as described [13].
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